Results from a numerical and experimental study of the response of compression-loaded quasi-isotropic curved panels with a centrally located circular cutout are presented. The numerical results were obtained by using a geometrically nonlinear finite element analysis code. The effects of cutout size, panel curvature and initial geometric imperfections on the overall response of compression-loaded panels are described. In addition, results are presented from a numerical parametric study that indicate the effects of elastic circumferential edge restraints on the prebuckling and buckling response of a selected panel and these numerical results are compared to experimentally measured results. These restraints are used to identify the effects of circumferential edge restraints that are introduced by the test fixture that was used in the present study. It is shown that circumferential edge restraints can introduce substantial nonlinear prebuckling deformations into shallow compression-loaded curved panels that can results in a significant increase in buckling load.
Introduction
A common structural element that is found in many aerospace structures is the thin-walled curved panel with a centrally located circular cutout. Cutouts commonly appear in curved panels as access ports, doors, or windows. During operation, these structural elements may experience compression loads, and thus their buckling and postbuckling beha\Gor are important factors in determining safe operating conditions and effective designs for these structures.
Several studies have been presented that show that a circular cutout in a compression-loaded composite flat plate can have a significant effect on the buckling and postbuckling response of the However, significantly fewer studies have been presented for compression-loaded curved panels with a cutout. More specifically, limited results on the effects of a circular cutout on the buckling response of compression-loaded aluminum curved panels are presented in Ref. 4 and limited results on the effects of rectangular cutouts and laminate stacking sequence on the buckling behavior of compression-loaded curved composite panels are presented in Refs. 5 through 8. In Ref. 4 it has been shown that circular cutout size greatly affects the buckling characteristics of compression-loaded curved isotropic panels. In particular, the results indicate that aluminum panels with cutout-diameter-to-panel-width ratios d/W ranging from 0 to 0.3 exhibit nonlinear behavior that includes a distinct buckling event with an unstable postbuckling response while panels with values of d/W ranging from 0.4 to 0.6 exhibit a stable monotonically increasing nonlinear load-shortening response. These results also indicate that as the value of d/W increases, the magnitude of the nonlinear prebuckling out-of-plane deformations increases, which results in an increase in the nonlinearity of the prebuckling load-shortening response curve.
A review of the results in Refs. 1 through 6 indicates that the buckling and postbuckling behavior of compression-loaded flat plates with a circular cutout is, for the most part, well understood. However, the interaction between circular cutout size, panel curvature, material orthotropy and anisotropy, initial geometric imperfections and boundary conditions, and their effects on the buckling and postbuckling response of compression-loaded composite curved panels are not well understood.
Beci~use the uniount of inf'ormation on this important sukiect is so limited, the results from a nuiiiericul and experimentnl investigation of the response of colilpression-loiidcd 1 k3S/O/4()]3s quasi-isotropic curved p;lnels u,itli ; I cciilrally located circular cutout are presented herein. The objective of the present paper is to identify the effects of cutout size. panel cur\.ature, initial = "eometric imperfections and selected boundary conditions on the compression response of these common laminated composite structures. To\vard that objecti\,e. numerically predicted and experimentally measured results are presented and compared for 15and 60-in-radius panels with cutout-diameter-to-plate-width ratio dM' ranging from 0 to 0.6. In addition, numerically predicted results are presented that sho\v the effect of circumferential restraint of the loaded edges on the severity of nonlinear prebuckling deformations and the buckling load level. First, the finite-element models and analysis methods are described. Next, the test specimens and test procedure are presented. Then. an in-depth discussion of the results is given.
Finite-Element hlodel and Analvsis Methods
A typical finite-element model of a curved panel with a centrally located circular cutout is illustrated in Fig. 1 . Points on the panel mid-surface are located by an x-y-z curvilinear coordinate frame whose origin is at the top corner of the panel. The panel length, width and radius are defined as L. UT and R, respectively. and the cutout diameter d is defined as the diameter of a right circular cylinder that intersects the panel and whose axis is perpendicular to the tangent plane at the center of the panel. Panels with 15-and 60-in. radii were studied in the present investigation. The panel lengths and arcwidths were 14.75 in. and 14.5 in., respectively, for all panels. Cutout diameters ranged from 0 to 8.4 in. The panels were modeled as 24-ply-thick [i45/0/90]3s quasi-isotropic graphite-epoxy laminates u i t h a nominal ply thickness of 0.005 in. and a total, nominal panel thickness of 0.12 in. The nominal lamina material properties are as follows: longitudinal modulus E, = 17.5
Msi, transverse modulus E2 = 1.51 Msi, in-plane shear modulus G = 0.78 Msi, and major Poisson's ratio v l ? = 0.295. Idealizations of the test fixture support conditions were used in the finite-element model. To simulate clamped loaded edges. the circumferential and out-ofplane displacements. \. and w, respecti\,ely. were set equal to zero in the boundary regions of the finite-element model that extend 7/16 in. in from both loaded ends of a panel, as illustrated in Fig. I . The compression load w'as introduced into the panel by applying a uniform enddisplacement A to one end of the model M hile holding the other end of the panel fixed on the boundary as illustrated in Fig. 1 : that is. u(O,\y = A and u(L.y) = 0. The simply supported boundaries o n the unloaded edges (knife-edge supports) were simulated by setting thc out-d-plane displacemrnt M' equal to zero on a line 5/16 in. in from each unloaded edge of a panel. The finite elemerlt mesh \ v i~s defined bj, using user-\\ritten suhroutinr~ th;rt ale COIII-patible with the STAGS finite-element code.' These user-written subroutines facilitated the generation of models with various cutout sizes and mesh densities. and provided a convenient means for assessing the convergence of a gi\sen finite-element model. Con\,ergence were done for all finite-element models and a typical converged finite-element mesh is sholvn in Fig. 1 .
Geometrically perfect and imperfect panels were studied in the present investigation. Nominal geometry, laminate thickness and lamina material properties were used for geometrically perfect models. Geometrically imperfect models included measured initial geometric imperfections, average measured panel thickness and thickness-adjusted material properties. The measured initial geometric imperfections were included in the model by applying a corresponding perturbation to the initial geometry of the model by using user-written subroutines. The lamina material properties were adjusted for each model using the rule of mixtures and the appropriate average measured panel thickness.
The predicted nonlinear response of the panels was determined with the STAGS finite-element code by using a combination of an arc-length path following method to model the quasi-static portions of the response and a transient analysis method to model unstable portions of the response associated with mode shape changes that occur during a buckling process. A typical finite-element model contained approximately 10.000 degrees of freedom and a typical nonlinear analysis required about 3,000 CPU seconds on an SGI Origins 2000 work station.
Experiments
A typical curved panel specimen with a centrally located circular cutout is shown in Fig. 2 and its corresponding geometry is shown in Fig. 1 . The panels that were tested in the study had the same nominal dimensions and laminate properties as the models described in the previous section. The cutouts were machined in the panels using a diamond-tip machine tool. The loaded edges of the panels were machined flat and parallel in order to provide uniform end loading during the tests.
Initial geometric imperfections were measured on one side of the panel in order to characterize the actual mid-surface geometry of each specimen. The surface measurements were taken over a uniform grid that consisted of 0.175-in. increments along the panel x-axis and 0. 125-in. increments along the panel circumference. The maximum magnitude of the measured imperfections, for all panels, u'as on the order of 10% of the nominal panel thickness. In addition, panel thickness me;isurements were taken a1 several point.\ on the panel io estd)lish the average thickncss of each pmcl.
The panels wci-e loiided in compreshiori hy applying ;I unil'orin end-ahortciiing to the lop cur\yd edge of' each specimen. The loaded edges u'ere clamped and the unloaded edges \i.ere supported by knife-edges to siniulate simply supported edges. Electrical resistance strain gages were used to measure strains. and direct current differential transformers (DCDT's) were used to measure axial end-shortening and selected out-of-plane displacements of a panel. In addition. a shadou. moirk technique was used to monitor out-of-plane displacements and the observed moirk fringe patterns were recorded by using video and still photography. All specimens were loaded to failure.
Results and Discussion
Numerically predicted and experimentally measured results for the compression-loaded 15and 60-inradius panels with a circular cutout are presented in this section. The predicted results that are presented subsequently were obtained from finite-element models that include the appropriate measured initial geometric imperfections, unless it is specified otherwise. First, results are presented for the 15-in-radius panels and then similar results are presented for 60-in-radius panels. Finally, results that show the effects of elastic circumferential loaded-edge restraint on the prebuckling and buckling response of a geometrically perfect 60-in-radius panel with no cutout are presented to explain some anomalies that were encountered in the test-analysis correlation. The values of axial load P and various displacement quantities, presented herein, are normalized with respect to the corresponding linear bifurcation buckling load of a panel without a cutout Poc,, that was obtained from a finite-element analysis, and the nominal panel thickness t = 0.12 in., respectively, unless it is specified otherwise.
In addition, values of axial stress resultant N, are normalized with respect to the corresponding linear bifurcation buckling stress resultant NXocr which is equal to PoCJ W. The values of Poc, that were obtained for the 15and 60-in-radius panels are 66.49 kips and 17.44 kips, respectively.
IS-in-Radius Panels
Typical predicted and measured load-shortening response curves for the IS-in-radius panels with \.arious size cutouts are shown in Fig. 3 . Two groups of seven curves are s h o w in Fig. 3 that correspond to values of 0 5 d/W 5 0.6, The solid curves correspond to the measured experimental results and the dashed curves correspond to the predicted results. Buckling points are marked by filled squares and circles for the measured and predicted response curves, respectively. An "x" indicates the failure of a test specimen.
The measured load-shortening response curves for the IS-in-radiub panels shou good correlation with the corresponding predicted responses, lor the lull range of cutout sizes. More specifically. the maximum difference between predicted and measured \ d u e s of initial prebuckling stiffness is 3% and the maximum difference between predicted and measured buckling load values is 5R, which occurs for the panel with d/W = 0. I . For the panels with d/U' = 0.1 and 0.3. howe\,er, the unstable buckling events resulted in catastrophic failure of the panels and thus resulted in no residual postbuckling strength. These two catastrophic failures appear to be caused by material compression-type failures that initiated near high strain concentrations on the free edge of the cutout and then propagated almost instantaneously to the outer edge of the panel during the failure event. The panels with values of d/W = 0, 0.3,0.4, and 0.5 have various levels of residual postbuckling strength and can thus sustain additional load before failure occurs. For the panel with d/W = 0, the panel failed near the intersection between the loaded-boundary fixture and the knife-edge support because of a high strain concentration in that region. For values of d/ %' = 0.3,0.4,0.5, and 0.6, the panel failures appear to be caused by an interlaminar shear failure near the cutout that is caused by large out-of-plane bending deformations that occurred near the cutout.
The results in Fig. 3 indicate that a cutout has a significant effect on the prebuckling, buckling and postbuckling responses of the compression-loaded quasiisotropic curved panel considered herein. In particular. the predicted and measured results indicate that a significant increase in cutout size results in a significant decrease in the overall effective prebuckling stiffness of the panel and a substantial increase in the degree of nonlinearity of the prebuckling load-shortening response curve, just like the aluminum panels of Ref. 4. The measured and predicted results also indicate that for values of d/W ranging from 0 to 0.3, the panels have well defined buckling points (marked by a filled circle and square symbols in the figure) and show an unstable buckling event that exhibits a significant reduction in axial load and a distinct change in the panel displacement field. However, for the panels with values of d/W = 0.1 and 0.2, the buckling points are marked with an "x" to indicate that the buckling event also coincided with the failure of the panel. In addition, as the value of dlW increases from 0.1 to 0.3, the buckling load decreases monotonically. However, the buckling load for a panel with d/W = 0 is about 5% less than that for the panel with d/W = 0. I . For values of d/W = 0.4 through 0.6, the results show that the response no longer exhibits an unstable buckling event. For the panels with d/W = 0.4 and 0.5, the measured results indicate that each of' the panels reach a corresponding limit point thal is fbllowed by relatively benign decrease in load h e l i x additional loud can be applied lo the panels. This benign limit-point behavior is acconip;inied by ;I gr;idual change in panel displiicements instead of iiii intense, clynmic change i n the displacement f'icld like ih;Lt exhibiicd L q pincls with srnall \,aIueh of' d/W. 1:or ihc panel n.ith d/W = 0.6. the response is characterized by a monotonically increasing load-shortening response curve that does not exhibit a buckling event. For panels u.ith these cutout sizes. large out-of-plane deformations develop near the cutout at the onset of loading and their amplitudes grow monotonically in a stable manner throughout the loading. The benign behavior that is exhibited by the panels with 0.4 <d/W 50.6 is unlike the behavior shown for flat plates with the same values of d/ W (see Ref. 8 ). In addition, the corresponding linear bifurcation buckling loads no longer have any physical significance since the panels no longer exhibit a buckling response nor do they exhibit a sudden change in effective axial stiffness associated with a buckling event.
Numerically predicted and experimentally measured effective initial prebuckling stiffnesses and buckling loads for the 15-in-radius panels are summarized in Figs. 4 and 5, respectively. The effective initial prebuckling stiffnesses are defined as the initial slope of the loadshortening curves in Fig. 3 . Three groups of results are presented in Figs. 4 and 5. The solid curves correspond to predicted results from geometrically imperfect models, the dashed lines correspond to results from geometrically perfect models, and the filled squares correspond to experimentally measured results.
The results in Figs. 4 and 5 show good agreement between analysis and experiment and indicate a reduction in the prebuckling stiffness of about 54% as the value of dA%' increases from 0 to 0.6. Similarly, the results indicate a 53% reduction in the buckling load as d/W increases from 0.1 to 0.5. Moreover, the results indicate, for the most part, that the inclusion of the measured imperfections in the numerical models have essentially no effect on the predicted initial prebuckling stiffness for 0 5 d/W S 0.6 and the value of the predicted buckling load for 0.1 <-dlW S 0.4 . Predicted results for the panel with dAV = 0, however, indicate about a 14% reduction in the predicted buckling load because of the initial geometric imperfections. Moreover, the predicted results for dAV = 0 and 0.1, that include measured initial geometric imperfections, show the same trend as the measured results; that is. the panel with d/W = 0.1 has a higher buckling load than the panel with d/W = 0. The predicted and measured results show about a 4.8%, and 5.3% increase. respectively, in the buckling load as d/W increases from 0 to 0. I . These results at first glance suggest that the buckling load of the panel with d/W = 0 may be more sensitive to initial geometric imperfections than the panel u ith a value of d/W = 0.1. Howe\er, examination of the measured initial geometric imperfections for these two panels showxi that the panel with d/W = 0 had a i n ax i in ti m i m perfec t i on ani pi i t ud e t hat was near1 y twice that of the panel with d/W = 0.1.
Measured and predicted prebuckling out-of-plune displacement 6 at ;I point on the edge of' the cutout ;Ire presented in Fig. 6 where 6 = \.(Liz. W/?. + d/2). TWO groups of seven curves are sh0n.n in Fig. 6 that correspond to 0 S dM' 5 0 . 6 . The solid curves correspond to the measured experimental results and the dashed curves correspond to the predicted results. These results indicate that, as the size of the cutout increases. the nonlinear prebuckling displacements increase dramatically. This trend is consistent with the increase in the nonlinearity of the prebuckling load-shortening response curves with increasing cutout size that is shown in Fig. 3 . The predicted results for panels with larger values of d/ W agree well u,ith measured results, however, correlation between predicted and measured results for panels with small values of d/W is poor.
Predicted out-of-plane displacement contours and observed moirt. fringe patterns for 15-in-radius panels with d/W = 0,0.2, and 0.4 are shown in Figs. 7, 8, and 9, respectively. Because of the curvature of the panels, the observed moire fringe patterns that are presented are somewhat distorted, however, some common features of the predicted displacement contours and the observed fringe patterns can be identified. The dashed contour lines in the predicted contours represent inward displacements and the solid lines represent outward displacements. The density of the contour lines is indicative of the severity of the displacement gradients in the panel.
Moiri: fringe patterns for a panel with d/W = 0 at the onset of buckling and initial postbuckling points are shown in Figs. 7a and 7b, respectively. The fringe pattern at the onset of buckling indicates slight inward displacements in the upper right corner of the panel. Upon buckling, the panel snaps dynamically into a mode shape that consists of one half-wave along the panel generator and two half-waves across its circumference. The predicted postbuckling displacement contours, shown in Fig normalized v ith respect to the linear-bifurcation buckling stress resultant of a corresponding panel without a cutout N,' ,,, and the circumferential coordinate y is normalized with respect to the panel arc-width W such that 0 I y/W 5 1.0 . Three curves are shown in each of the figures that correspond to predicted stress resultant distributions for panels three different values of d/W. The solid curves correspond to results for d/W = 0, the dashed curves correspond to results for dfW = 0.2 and the dashdotted curves correspond to results for d/W = 0.4.
Predicted pi-ebuckling stress resultant distributions for panels with dAV = 0,O.Z. and 0.4 at a value of P/Po,, = 0.5 are presented in Fig. 10 . These results indicate that, at this load le\ el. the stress distribution for a panel with dAV = 0 is, mostly. uniform and symmetric about the line y m = 0.5. The sa\vtooth shnpe at the far edges ofthe distribution is caused by the simulated knife-edge supports and is an artifice of the localized bending of a panel near the knife-edge supports. As the val~ie of d/W increases the load is redistributed tou,ards the edge of the panel in a s),mmetric niiinner. The prcdictcd stress resultant distributions at the onset of buckling for-panels with d/W = 0, 0 . 2 . and 0.1 ;ire shown in Fig. I I . In this figure, the onset of buckling corresponds to P/P",, = 0.77. 0.57. and 0.40 for panels with d/W = 0. 0.7. and 0.4. respectively.
These results and the results in Fig. 10 indicate that the stress resultant distribution for the panels with dMr = 0 and 0.2 remains symmetric up to buckling with only an overall increase in the magnitude of the stress resultant. However, for the panel u 3 h d m ' = 0.4, the stress resultant distribution changes considerably when the buckling load is approached, w.hich is seen by comparing the corresponding results in Figs. 10 and 1 I . More specifically, the central region of the panel edge becomes practically unloaded and the stress resultant distribution become asymmetric as the buckling load is approached. Unloading of the central region of the panel is caused by increasingly large prebuckling out-of-plane bending deformations near the cutout (as shown in Fig. 9c ) that diminish the axial stiffness of the central region of the panel which cause the significant redistribution of the load towards the simply supported edges of the panel. This load path shift is consistent with the reduction in the effective stiffness of the panels that is shown in Fig. 3 as loading approaches the buckling load. The loss of symmetry of the stress resultant distribution is a result of an asymmetric growth in the nonlinear prebuckling deformations in the panel that is caused by asymmetry in the initial geometric imperfection shape.
Predicted initial postbuckling stress resultant distributions for panels with d/W = 0, 0.2, and 0.4, that correspond to values of Pff',, = 0.53, 0.43 and 0.39, respectively, are presented in Fig. 12 . The stress distributions for the panels with d/W = 0 and 0.2 are significantly different from the corresponding stress distribution at the onset of buckling (see Fig. 11 ) because of the substantial asymmetry in the initial postbuckling displacement fields (see Figs. 7-9) and the redistribution in load that accompanies buckling. For these panels, the stress distributions exhibit minimum and maximum stress values associated with large inward and outward buckles in the panel, respectively, as shown in Fig. 7d and 8d. The initial postbuckling stress resultant distribution for the panel with d/W = 0.4 is similar to the stress resultant distribution at the onset of buckling (see Fig.  1 I) , however. the minimum stress resultant value decreases somewhat upon the formation of a large buckle on one side of the cutout. as seen in Fig. 9d . In addition, it is interesting to note that the minimum stress values for the panels M , i t h dAV = 0.2 and 0.4 have reversed sign.
60-in-Rad i tis Panels
Nuniericiilly predicted and experimentally measured load-sIi[)rtenirig response curves for the 60-in-radius panels are presented i n Fig. 13 . Two groups ol'sevcn curves are shown i n Fig. I3 that correspond to viilucs of' 0 I d/W 5 0.0 . T h e solid curves correspond to iiic;isured expcriiiicntal resulis and the daahed c u r \~e s cor[-e-spond to the predicted results. Buckling points are marked b), filled squares and circles for the measured and predicted response curves. respectively. An "x" indicates the failure of a test specimen.
The results in Fig. 13 indicate that the measured and predicted trends associated w.ith the effects of cutout size on the load-shortening response of a 60-in-radius panel correlate well for the larger values of d/W. However, there is a large discrepancy in the results for the smaller \.slues of d N , especially for dAV = 0. In particular, the measured buckling load for d/W = 0 is almost 30% greater than the predicted buckling load. In contrast, the measured buckling loads for dM1 = 0.1 and 0.2 are greater than the predicted buckling loads by 7% and 2%, respectively.
The measured and predicted results in Fig.  13indicate the panels with values of d/W = 0 to 0.2 exhibit a significant amount of prebuckling nonlinearity and have well defined buckling points that are marked by the filled symbols in the figure. Moreover, the prebuckling nonlinearity in the load-shortening response curves is much more pronounced for the 60-in-radius panels than for the 15-in-radius panels. An unstable postbuckling response occurs beyond the buckling point for each panel that is characterized by a reduction in axial load and a distinct dynamic change in the panel displacement field. In addition, as the value of d/U1 increases, the buckling load decreases monotonically. Moreover, the panels sustain additional load that is substantially larger than the initial postbuckiing load until catastrophic failure occurs, which is marked by an "x" in the figure. Unlike flat plates, the results indicate that the panels with d/ W = 0.3 to 0.6 no longer exhibit a buckling event; rather, the response is characterized by a monotonically increasing load-shortening response curve up to failure. The predicted and measured results indicate that the panels exhibit a transition from a buckling response to a monotonically increasing stable response between d/W = 0.2 and 0.3, unlike the results for the 15-in-radius panels which exhibit the transition between d/W = 0.4 and 0.6. These results indicate that curvature has a significant effect on the character of the nonlinear compression response of panels with a central circular cutout.
Another important point to note is that the predicted and measured buckling loads all have values that are much greater than the predicted linear bifurcation buckling load for the 60-in-radius panel without a cutout. For example. the panel with d/W = 0 has a buckling load 75% greater than the corresponding linear bifurcation buckling load. The high buckling load values are caused by large prebuckling deforinations that develop in the panel and act to retxd the onset of buckling. These nonlinear prebuckling deforinations are neglected in a linear biiurcation buLhling analysis. Moreover. the substantial nonlinear prebuckling response that is exhibited by the panel u.itli d N ' = 0 is contrary to knowii bcIi:i\ ioral cIi;ir;icter-istics of compression-loaded shallow curved panels. These large differences in the buckling load and corresponding linear bifurcation buckling load indicate that a linear bifurcation analysis of a curved panel may not represent accurately the actual buckling behavior of shallow curved panels in some cases. Two types of failure were observed for the 60-inradius panels. Panels with d/W = 0 to 0.3 exhibited catastrophic compression failures near the test fixture on the loaded ends and displayed little evidence of material failures near the cutout. Panels with d/W = 0.4 to 0.6 exhibited interlaminar shear failures near the free-edge of the cutout that was caused by extensive out-of-plane bending deformations in the region.
Predicted and measured effective initial prebuckling stiffnesses and buckling load values for the 60-in-radius panels are presented in Figs. 14 and 15, respectively. The effective initial prebuckling stiffnesses in this figure are defined as the initial slope of the load-shortening curves in Fig. 13 . Three groups of results are presented in Figs. 14 and 15. The solid curves correspond to predicted results from geometrically imperfect models, the dashed lines correspond to results from geometrically perfect models, and the filled squares correspond to the experimentally measured results.
The results in Fig. 14 show good correlation between the predicted and measured trends and indicate a reduction in initial prebuckling stiffness of about 48% as d/W increased to 0.6. The measured imperfections are shown to have no influence on the effective prebuckling stiffness of the panels. The results in Fig. 15 show good correlation between predicted and measured values of the buckling loads for diW = 0.1 and 0.2, and poorer correlation for d/W = 0. Overall, all the results indicate a reduction in buckling load as d/%' increases from 0 to 0.2.
Unlike the results for the effective initial prebuckling stiffness, the addition of measured imperfections for d/W = 0 results in a 5.6% reduction in the buckling load with respect to the corresponding buckling load for the geometrically perfect panel, while the imperfections for d/W = 0.1 and 0.2 result in a 1% and 0.5% increase in the buckling load, respectively. This trend, and the fact that the amplitudes of the measured initial geometric imperfections for these panels are nearly the same, indicates that the buckling load of a panel with a small value of d/ W is more sensitive to initial geometric imperfections than the panels with the larger values ofd/W. Moreover, the panels with d/W > 0.2 do not exhibit a buckling event and, as a result. d o not exhibit imperfection sensitivity.
A coiiqxirison betwen numerically predicted and experimentally iiieasured out-of-plane displaceinents 6 at ii point on tlie edge of tlie cutout is presented in Fig. I6 where 6 = w ( l J 2 . w/2 + d/2). Like the load-shortening results in Fig. 13 . the results in Fig. 16 indicate that. as the cutout size increases. the nonlinear prebuckling displacements increase dramatically. In addition. it is interesting to note that the magnitudes of the predicted and measured prebuckling out-of-plane displacements are significantly larger for the 60-in-radius panels than for the 1 5-in-radius panels (compare Figs. 3 and 13 ). This trend is consistent with the greater degree of nonlinearity of the prebuckling load-shortening response curves that is exhibited by the 60-in-radius panels, compared to the 15-in-radius panels. For values of dm7 = 0.5 and 0.6, the predicted and measured results correlate well, but as the value of d/W decreases, the correlation becomes increasingly worse.
Predicted and observed out-of-plane displacement contours for d/W = 0, 0.2 and 0.4 are presented in Fig.  17 , 18, and 19, respectively. The dashed contour lines in the predicted contours represent inward displacements and the solid lines represent outward displacements. The density of the contour lines is indicative of the severity of the displacement gradients in the panel.
The observed moirk fringe pattern for d l w = 0 at the onset of buckling is shown in Fig. 17a . The fringe pattern is characterized by an hour-glass-shaped outward radial displacement pattern. Upon buckling, the panel snaps through into a postbuckling mode shape that consists of a single, large centrally located inward buckle, as shown in Fig 17b. The predicted postbuckling displacement contours in Fig 17d agree well with the observed fringe pattern in Fig. 17b , however, the predicted displacement contours, just prior to buckling, in Fig 17c do not agree well n,ith the observed fringe pattern in Figl7a. The observed moir& fringe pattern of a panel with d/W = 0.2 at the onset of buckling is shown in Fig. 18a . The fringe pattern indicates outward out-of-plane bending of the cutout edges and inward radial displacements between the cutout and the loaded edges of the panel. The initial postbuckling-displacement fringe pattern is shown in Fig. 18b and consists of an inward buckle pattern that is similar to the pattern that is shown in Fig. 17b for d/W = 0. The predicted displacement contours that correspond to the onset of buckling and initial postbuckling are shown in Figs. 18c and 18d , respectively. and agree well with the observed fringe patterns in Figs. 18a and 18h. The ohserved moire fringe pattern for P/P",,= 0.63 and d/W = 0.4 is presented in Fig.193 and is characterized by large outward out-of-plane bending displacements at the cutout edge. The displacement field shown in Fig. 19b indicates that the bending deformations near the cutout ha\.e become increasingly se\'ere ab the loading increases. The predicted results in Fig 19c and 19d coflelule well \vith the observed fringe patterns in Fig  1% : the loading is increased in the prebuckling range, all the stress resultant distributions remain symmetric about the line y/W = 0.5. Moreover, the stress resultant distributions for panels with d/W = 0.2 and 0.4 remain similar in shape while increasing in overall magnitude. For d/W = 0, however, an increasingly larger portion of the load is redistributed towards the center of the panel. This response is caused by an increase in curvature of the panel that occurs during loading, as indicated in Fig. 17c , which causes a geometric stiffening of the panel and a shift of the load path into the stiffer central portion of the panel. As the cutout size increases, stiffness is lost in the central region of the panel which impedes the load path from being centrally located.
Predicted initial postbuckling stress resultant distributions for d l W = 0 and 0.2, that correspond to values of P/Pncr = 0.73. and 0.74, respectively, and for d/W = 0.4 at P/P' ,, = 0.63 (the load level at which the second distinct displacement pattern appears) are presented in Fig  22. In all cases, extensive deformations in the central portion of each panel have diminished significantly the overall load-carrying capacity and have coused most o f the load to be redisti-ibuted toward the simply supported edges of the panels. I n particular, the cenier of thc p;incls with dIW = 0 and 0.2, have unloaded coniplctcly.
The prc'dicted Imhuclling, huckling ;ind postbuck-ling stress resultant distributions for the 60-in-radius. geometrically imperfect panels shown in Figs. 30-23 are symmetric throughout the load histor), of the panels. In contrast. the predicted stress resultant distributions for the 15-in-radius panels (Figs. 10-13 ) are symmetric at a load le\.el of P/P",, = 0.5 but become asymmetric after buckling. These differences in the stress resultant distributions of the 15-and 60-in-radius panels are a consequence of the panel curvature. More specifically, the 60in-radius panels exhibit symmetric initial postbuckling deformations u hile, in contrast. the 1 5-in-radius panels exhibit asymmetric initial postbuckling deformations.
Anomalous Behavior
For the most part, correlation between the numerically predicted results and the experimentally measured results presented herein is good. However, significant discrepancies and unexpected behavioral characteristics were identified for some of the panels and warranted further study. Most notably, the 60-in-radius panels exhibit a significant amount of nonlinearity in the prebuckling portion of the load-shortening response curve that is shown in Fig. 13 . In addition, the 60-in-radius panels exhibit buckling load values that are significantly greater in magnitude than the corresponding predicted linear bifurcation buckling load for a panel without a cutout. These response characteristics are contrary to the known behavior of compression-loaded curved panels such as that given in Refs. 11 through 13. In all cases, the measured buckling loads for 15and 60-in-radius panels are larger in magnitude than the corresponding predicted buckling load values. The largest discrepancy between measured and predicted buckling load values occurs for the 60-inradius panel with d/W = 0 in which case the predicted buckling load value is approximately 30% less than the measured value. Furthermore, the predicted and observed buckling deformations for the 15and 60-in-radius panels with d/W = 0 do not agree well. The observed discrepancies are generally more pronounced for panels with relatively small values of d/W, and they tend to diminish as the \ d u e of d/W increases.
As a first step towards identifying the source of the significant prebuckling nonlinearity that is exhibited by the 60-in-radius panels, the effects of the circumferential boundary conditions v(0, y) = v(L, y ) = 0 and N,,(O, y) = N,,.(L, y ) = 0 on the response were examined. The numerical results for the latter traction-free boundary condition indicated that allowing the loaded edges to expand circumferentially in an unrestricted manner eliminated the prebuckling nonlinearity of the response. Because of this result, the result that the panel M . i t h v(0, y ) = v(L. y ) = 0 underpredicts the degree of prebuckling nonline;rrity seen in the test results. and because the test fixture ;ictually applies some restraint to the circumii.rential displacements o t the loadcd edges o f ;I p'anel. ariott1t.r edge condition as considered. This edge condition is the case in which the circumferential displacement of the loaded edges are elastically restrained. This type of boundary condition was used as a "first-order" engineering approximation to the actual edge restraint that i s caused by the test fixture. Elastic circumferential edge restraints on the loaded ends of a panel are simulated in the finite-element model by applying an externally-generated linear circumferential stiffness contribution to the nodes in the boundary regions that extend 7/16 in. in from both loaded ends of the panel, as illustrated in Fig.   1 . The magnitude of the stiffness component was varied from 0 I b h . to 1 . 0~1 0~ Ib/in. in order to simulate circumferential restraints that range from free expansion to fixed conditions. As a point of reference, the circumferential membrane stiffness of the panels is given by A2? = 9 . 2 2~1 0~ Ib/in. Results that show some of the effects of elastic circumferential edge restraints on the compression response of the 60-in-radius panel with d/W = 0 are presented in the following section.
Effects of Elastic Circumferential Edne Restraints
Load-shortening response curves for a 60-in-radius geometrically perfect panel with various values of elastic circumferential stiffness K , are presented in Fig. 23 and illustrate the overall effects of an elastic circumferential edge restraint on the compression response. Five curves are shown in Fig. 23 that correspond to values of 0 S K, I 00 where K , = 0 is equivalent to N,, = 0, and K, = DO is equivalent to v = 0 on the loaded edges of a panel. The solid curve corresponds to measured experimental results and the dashed curves correspond to the predicted results. Buckling points are marked by filled squares and circles for the measured and predicted response curves, respectively. The values of the axial load P and the endshortening A are normalized by the corresponding bifurcation buckling load PO,, of a geometrically perfect panel with v(0, y) = v(L, y) = 0, and the nominal panel thickness t, respectively.
The results in Fig. 33 indicate that a linear-elastic circumferential edge restraint has a significant effect on the response of a 60-in-radius compression-loaded curved panel. For a \,due of K, = 0 (NXy(0, y) = N,,(L, y) = 0), the prebuckling load-shortening response curve is linear and the panel exhibits a buckling point at PIP",, = 0.87. For a \.due of K, = 1 .Ox 1 O5 Ibhn., the load-shortening beha\,ior is significantly different. For this case, the panel exhibits : I significant amount of prehuckling nonlineiirit), and hiis a relatively high buckling load of'P/ Po,, = 1 .Y3. This increase in the nonlinearity ol'the pr-ebuckling IoaJ-sliorteriirig response is caused by ; I I~ increase iii the our-of'-plane prehuckling dcf'orriiations of the panel whiC.ti r-tsult i n ;I correspondlng dcc~.c*asc i l l the instantaneous effective axial stiffness of the panel. hut with an o\ erall stiffening effect. H ith respect to the buckling resistance. The results shou that the out-of-plane prebuckling deformations retard the onset of buckling and results in about a 30% increase in the buckling load with respect to the predicted buckling load for the panel w.ith v(0, y ) = \jL. y ) = 0 on the loaded boundary. For values of K, = 1 . 0~1 0~ Ib/in. and -. the panel exhibits less nonlinearity in its load-shortening response curies and the buckling loads decrease to P/Poc, = 1.56 and 1.44, respectively, as compared to the results for the panel with K,.= 1 .0x1Os Ib/in. It is important to note that the magnitude of the buckling load and the severity of the nonlinear prebuckling deformations are not bounded by the results for K, = 0 and K, = -, which is contrary to intuition. In addition, the measured buckling load lies between the predicted buckling loads for the panels with K,= 1 . 0~1 0~ Ib/in. and 1 . 0~1 0~ Ib/in. The effects of elastic circumferential edge restraints on the transverse center displacement 6 are illustrated in Fig. 24 where 6 = w(L/2, W/2). Five curves are shown in this figure that correspond to values of 0 5 K, 200. The solid curves correspond to measured experimental results and the dashed curves correspond to the predicted results. Buckling points are marked by filled squares and circles for the measured and predicted response curves, respectively. For a value of K,, = 0, the prebuckling center displacement is small and inward. Near the buckling load, and in the postbuckling range of loading, the magnitude of the inward displacement grows rapidly to many times the thickness of the panel. For values of K, = 1 . 0~1 0~ Ib/ in., l.0x107 Ibhn. and 0 0 , the center displacement response is characterized by a monotonically increasing outward displacement. This result is consistent with the increase in the degree of nonlinearity of the prebuckling load-shortening response. The results also indicate that the experimentally measured center displacement response is initially bounded bj. the results for K, = 1 . 0~1 0~ Iblin. and K,.= 1 . 0~1 0~ Ibiin., but as the loading increases i n the prebuckling range, the measured results gradually move out of the bounds of the predicted results.
elastic circumferential edge restraints on the predicted circumferential ( v ) displacement of one corner of a (IO-in-radius panel is illustrated in Fig. 25 . where vo = v(0,O). Three curves are shown in The effects of For a \,due of K,. = 0, the corner of the panel expands continuously in the negative y-circumferential direction throughout the compression response. For a value of K, = 1 .Ox IO7 Ib/in.. the corner of the panel expands circumferentially throughout the compression response. but to a much lesser degree than that seen for the panel with K, = 0. For a value of K,. = 1.0x1O5 Ib/in., however, the corner initiallj, expands circumferentially. but then, upon further loading. begins to contract circumferentially. This reversal in the circumferential displacement takes place at a value of P/P",, = 0.94 which corresponds closely with the load level at which the loadshortening response curve transitions from a linear to a nonlinear shape (see Fig. 23 ) and the panel exhibits a rapid growth in the magnitude of transverse center displacement, as indicated in Fig. 24 .
Predicted displacement contours for panels at the onset of buckling with various values of K, are presented in Fig. 26 . The dashed contour lines in Figs. 26(b) through 26(e) represent inward displacements and the solid lines represent outward displacements. The density of the contour lines is indicative of the severity of the displacement gradients in the panel. In addition, the buckling load values are included in the figure for each of the panels.
These results in Fig. 26 indicate that the displacement response changes significantly as the circumferential boundary stiffnesses K, increases. For a value of K, = 0, the panel displacements are characterized by a large centrally located inward deformation pattern, as shown in Fig. 26b . For values of K, = I .Ox lo7 Ib/in. and w , the predicted panel displacement are characterized by a large centrally located outward deformation pattern as shown in Figs. 26d and 26e , respectively. For a value of K, = 1 .Ox 10' Ib/in., however, the predicted displacement contours in Fig 26c are characterized by an hour-glass pattern similar to the observed moirir fringe pattern shown in Fig. 26a. A summary of the predicted effects of elastic circumferential edge restraints on the magnitude of the buckling load of a 60-in-radius, geometrically perfect panel is presented in Fig 27. Predicted buckling load values are marked in the figure by filled square symbols and connected with solid line segments.
The predicted results in Fig. 27 can be placed into three distinct groups. The first group of results are tor 4 panels with 0 5 #, 5 3.O.x I O . These panels exhibit a linear prebuckling load-shortening response similar t o the predicted reaponse for. K, = 0 that is shown in Fig 23. The buckling load values l o r these panels arc all below the predicted linear bifurcation buckling load. 111 addition, thcsc p;inels exhibit triinsversc center displaccriicnt responses, cii.c~uriil'creiitial corner-displaccnient I C S~~O I I S -es and displacement contours similar to the predicted response for K, = 0 (Nxy = 0) sh0u.n in Fig 34.25 and 36b. respecti\,ely. The second group of results are for panels 1 6 with 4.0.1-I O I K,. I 3.0.~ I O . The panels in this group exhibit a significant nonlinear prebuckling response similar to the predicted response discussed previously herein for a panel with K,.=l.OxIO5 Ib/in. The prebuckling load-shortening response for this group of panels exhibits a significant amount of nonlinearity, and the buckling load values can exceed twice the predicted linear bifurcation buckling load value. In addition, the character of the displacement response is similar to that predicted for the K,.=l.Ox1OS Ib/in. case that is illustrated in Figs. 24,  25 , and 26c. The final group of results are for panels with 4 . 0~1 0 I K, 500. The panels associated with this group exhibit response characteristics similar to those predicted for the fully clamped, K, = m (v = 0) case, that is illustrated in Figs. 23, 24, 25 and 26e. 6 
Concluding Remarks
Results from a numerical and experimental study of compression-loaded quasi-isotropic curved panels with a centrally located circular cutout have been presented. The numerical results were obtained by using a geometrically nonlinear finite-element analysis code. Some of the effects of cutout size, panel curvature, initial geometric imperfections, and elastic circumferential edge restraints on the prebuckling, buckling and postbuckling the response have been described. These results indicate that a cutout can have a significant effect on the prebuckling, buckling and postbuckling response of a compression-loaded panel. For example, the results indicate that an increase in the cutout size results in a decrease in the effective prebuckling stiffness of the panel, as expected, but causes an increase in the nonlinearity of the loadshortening response curve. For relatively small values of the cutout-diameter-to-panel-width ratio d/W, the panels exhibit a distinct unstable buckling event. For relatively large values of d/W, the panel response no longer exhibits an unstable buckling event; rather, the panel response is characterized by a monotonically increasing loadshortening cur\e. The results also shah, that the value of d/W that marks the transition between these two types of nonlinear beha\.ior depends significantly on the panel cun'ature. In particular, panels with a IS-in-radii exhibit the transition at a value of d/W 0.4 < d/W < 0.6, and the 60-in-radius piinels exhibit the transition between d/W 0.2 < d/W < 0.3. Results have been presented that also show that the buckling loads for panels with small values of d N ' are more sensitive to initial geometric imperfections than panels with large values of dMi. This trend is consistent \A i r h the idea that, as the amount of'materi:~l in the center of the panel decrease5 and thc prebuckiing de-formations near the cutout dominate the response. the panels become less sensitive to initial geometric imperfections. When the load-shortening curve is monotonically increasing and there is no buckling e\.ent. there also is no imperfection sensitivity.
Correlation between the numerically predicted and experimentally measured results was good in most cases. However, significant discrepancies and unexpected behavioral characteristics were obtained for certain cases. For example, the shallow 60-in-radius panels with small values of d/W exhibit a significant amount of nonlinearity in the prebuckling portion of the load-shortening response curve and exhibit buckling load values that are significantly greater than the predicted linear bifurcation buckling load for a 60-in-radius geometrically perfect panel without a cutout. This behavior is contrary to previously known behavioral characteristics of compression-loaded shallow curved panels. Predicted and observed buckling deformations for 15and 60-in-radius panels with d/W = 0 do not correlate well. Furthermore, predicted buckling load values for 15and 60-in-radius panels with small values of d/W are consistently underpredicted when compared to the experimentally measured buckling load values. The largest discrepancy between measured and predicted buckling load occurs for a 60-in-radius panel with diW = 0, in which case the predicted buckling load value is 30% less than the measured value. However, the observed discrepancy between the measured and predicted buckling loads decreases as the value of dTW increases.
In an effort to explain some of the beha\,ioral issues stated above, results from a limited numerical parametric study of the effects of elastic circumferential edge restraints on the compression response of a 60-in-radius geometrically perfect panel have been presented. These results indicate that an elastic circumferential edge restraint on the loaded edges of a curved panel has a significant effect on the behavioral characteristics. Overall, the study has shown that the predicted results can be placed in to three groups that exhibit distinct behavioral characteristics depending on the magnitude of the elastic circumferential restraint. Panels in the first group with a relatively low magnitude, approximately 3% of the panels circumferential membrane stiffness A??. exhibit a linear load-shortening response that contains a distinct buckling point. The magnitude of the buckling load for these panels is always less than the predicted linear bifurcation buckling load and the prebuckling deformations are negligible. Panels in the second group have an intermediate magnitude of the elastic circumferential restraint, 4%. of A,, -to 3.3SA22, exhibit i~ significnnt amount of nonlinearity in the prebuckling response and can exhibit buckling l o d s that are inore th;tn twice the predicted lincar bifurcation buckling I o d . I'ancls in the third group ;ire for rclati\,ely high niagnitutfes of circLiiti-ferential restraint. greater than 3.25A2,. exhibit some nonlinearity but not nearly as pronounced as the nonlinear behavior exhibited by the second group of panels. The predicted results for the panels with an intermediate magnitude of the elastic circumferential restraint more closely represent the experimentally measured results and indicate that some amount of restricted circumferential motion at the loaded boundary is present in the test fixture during the experiments. 
